The spin Hall effect and its inverse effect, caused by the spin orbit interaction, provide the interconversion between spin current and charge current. Since the effects make it possible to generate and manipulate spin current electrically, how to realize the large effects is an important issue in both physics and applications. To do so, materials with heavy elements, which have strong spin orbit interaction, have been examined so far. Here, we propose a new mechanism to enhance the spin Hall effect without heavy elements, i.e. surface roughness in metallic thin films. We examine Cu and Al thin films with surface roughness and find that they give the spin Hall effect comparable to that in bulk Au. We demonstrate that the spin Hall effect induced by surface roughness has the side jump contribution but not skew scattering.
The spin Hall effect, caused by the spin orbit interaction, converts a charge current into a pure spin current [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Its inverse effect [12] , the inverse spin Hall effect converts a spin current into a charge current. These two effects make it possible to generate and detect spin current electrically. There are many applications of spin Hall effect and inverse spin Hall effect in magnetization switching, domain wall motion, spin current detection etc . All such applications requires high efficiency of spin and charge conversion, therefore how to realize large spin Hall effect is an important research topic.
There are different mechanisms for the spin Hall effect: intrinsic mechanism [1, 5, 7, [13] [14] [15] [16] [17] from band structure properties and extrinsic mechanism from impurity scattering. Two processes contribute to the extrinsic mechanism: side jump and skew scattering [2, 11, 16, [18] [19] [20] [21] [22] , where the former comes from lateral displacement of the wave function during the scattering event and the latter comes from the spin dependence of scattering cross section. Both extrinsic and intrinsic spin Hall effect requires large spin orbit interaction, which usually exists only in heavy atoms. So spin Hall effect is typically linked with materials consist of heavy elements, for example noble metals: Au, Pt, Ta. There has been a lot of attempts to use different elements or different compositions to realizing large spin Hall effect. In order to achieve large spin Hall effect, it is helpful to explore other possibilities of creating spin Hall effect beyond simply trying heavy elements. A recent attempt in this front was to use normal metal thin films (such as Cu, Al), and the inversion symmetry breaking at the film surfaces induces interfacial Rasbha spin orbit interaction and gives rise to intrinsic spin Hall effect [23] .
In this Letter, we propose a new strategy in realizing extrinsic spin Hall effect by using the scattering from rough surface in metallic thin films. The rough surface can be regarded as impurities. The finite thickness of the thin film causes the discrete energy in the thickness direction due to the confinement. The discrete energy levels depend on the film thickness, and at locations where the thickness is thinner (thicker) than the average thickness the confinement can be regarded as repulsive (attractive) potential hill (valley). Thus electrons transporting within the film are being scattered constantly in this random potential landscape. The associated spin orbit interaction of the random potential gives rise to the spin Hall effect with side jump mechanism, but no skew scattering.
We consider a normal metallic thin film with rough surfaces as shown in Fig. 1 , where the film is confined in z direction and extends in ρ = (x, y) direction. The film thickness is position dependent d(ρ) with d(ρ) = d being the average thickness, · · · denotes the ensemble average. Let p and p z be the momentum operator in the ρ and z directions, then the Hamiltonian is
where
describes the confined quantum well states in z direction, m * is the electron effective mass, and V d(ρ) (z) is the confining potential with the variable length scale d(ρ). The most convenient way of handling surface roughness is to use the dilation operator. When d(ρ) only slightly deviates from its average value d, the dilation operator [24, 25] 
is an effective surface scattering potential that takes the full responsibility of the surface roughness. For simplicity, we consider the 'white noise' surface profile, i.e. the surface roughness is uncorrelated and characterized by the dimensionless variance parameter Λ ∼ (δ/d) 2 with the thickness deviation variance δ 2 , so the correlation λ ρ λ ρ ′ = Λa 2 δ(ρ−ρ ′ ) with the lattice constant a ∼ k −1 F . Now, we introduce two new terms: i) the potential due to the bulk impurities:
is the position of impurity-i and V imp is the magnitude of the δ-like impurity potential, ii) the spin orbit interaction due to the surface scattering potential
the Pauli matrices vector and η the spin orbit coupling parameter for the surface scattering. The spin orbit coupling due to the impurity potential V I is neglected because we concentrate on the films using metals that have very weak bulk spin orbit coupling, such as Cu or Al. The full Hamiltonian now becomes
describes a film of constant thickness d and U is treated perturbatively.
For simplicity, we assume the confining potential V d (z) takes the particle-in-box potential, and the eigenstates of
and |nq = 2/Ad sin(k n z)e iq·ρ , where k n = nπ/d with n the index for the transverse mode, q is the in-plane wave-vector, and A is the area in the lateral direction. Due to the scattering potential from the bulk impurities V I and surface roughness V R , the |nq state is mixed with other |n ′ q ′ states. By Born approximation, the scattered state
The electron relaxation time, or the inverse of scattering rate, can be calculated from the transition probability
−1 U , where the double · · · denotes the expectation value average over the scattered state |nq + and the ensemble average over roughness profiles (and/or impurity distributions). Assuming that the surface roughness and the impurity distribution are uncorrelated, to the leading order in Λ and V imp , the scattering rate is the sum of the rate from surface scattering and impurity scattering: [24, 25] 
′ is the channel dependent surface scattering rate and 1/τ 0 is the impurity scattering rate:
where n c = ⌊k F d/π⌋ the total number of transverse channels and S = 3 nc n ′ =1 n ′2 /n 3 c ≃ 1. The in-plane velocity operator is calcualted from the Hamiltonian Eq. (2) as [23] 
where the second term is the anomalous velocity due to surface scattering, ∇ is the gradient in the in-plane ρ direction. We only retain ∇ V R component because the gradient in z direction vanishes after ensemble and state average:
Taking into the spin part of the wave function, the scattered state becomes |nqs + ≡ |nq + |s and |s is the eigen spin state withσ z |s = s |s . The charge current carried by |nqs + is j nqs = nqs + ev nqs
where α sj n = mη/ τ ′ n is the channel dependent dimensionless coupling parameter of side jump. The first term in Eq. (5) is the normal charge current, and the second term is due to the anomalous velocity and gives rise to the spin Hall current. α sj n depends only on τ ′ n but not τ 0 because we only consider the spin orbit interaction V SO R from the surface scattering, but not from the impurity scattering.
Besides the side jump contribution to the spin Hall current, there is usually also the skew scattering contribution due to the asymmetric distribution function, which is originated from the asymmetric transition probability P (n ′ q ′ , nq) between q and q ′ . We found that the asymmetric transition probability vanishes, because it involves the average value of V R V R V SO R ∝ λ q λ q ′ λ −q−q ′ = 0 according to the assumed white noise profile of surface roughness, and V I V R V SO R ∝ V I = 0 when the initial and final states are different. Therefore, there is no skew scattering contribution and the coupling parameter for skew scattering vanishes: α ss = 0. Physically, the vanishing of skew scattering parameter is caused by the random sign of the surface roughness potential V R ∝ λ ρ , which is attractive when λ ρ < 0 (or d(ρ) > d) and repulsive when λ ρ > 0 (or d(ρ) < d). Therefore, the ensemble average over the surface roughness of V 3 R vanishes due to the random sign. This situation is different from the impurity scattering case, in which the sign of the impurity scattering potential is fixed, i.e. the impurities are all either attrative or repulsive.
When an in-plane electric field E is applied, the Fermi circle shifts δq n = eEτ n / for channel n, and the corresponding non-equilibrium distribution function is
where f n (q) = Θ(E nq − E) is the Fermi-Dirac distribution function with the Heaviside Θ function. The normal velocity term in Eq. (5) contributes to the in-plane longitudinal charge current J = nqs g nq j nqs = σE with the longitudinal conductivity
m * is the bulk conductivity. The upper (lower) approximation in Eq. (7) corresponds to the surface (impurity) scattering dominating case with τ
The charge conductivity Eq. (7) agrees with Ref. 25 . Fig. 2 shows the film thickness and surface roughness dependence of σ in Eq. (7). Because we treat the surface roughness as perturbation, Eq. (7) is valid only for when the roughness is small comparing to the film thickness: δ ≪ d. Therefore, Eq. (7) is not a good approximation in the shaded area in Fig. 2 .
The second anomalous term in Eq. (5) does not lead to any charge current because of its opposite spin dependence, but gives rise to an in-plane pure spin current in the transverse direction or a spin Hall current J s = nqs sg nq j nqs = σ sHẑ × E. In the unit of charge current, the spin Hall conductivity coupling parameter α sj n ∝ τ ′−1 and the Fermi circle shift δq n ∝ τ n ∼ τ ′ , thus no dependence on the relaxation time τ ′ or the surface roughness. This behavior is the same as the side jump contribution to the spin Hall conductivity in bulk materials. [11] The left panel of Fig. 3 plots σ sH as the function of δ, showing that σ sH is larger for more rough surface and thinner film. In conventional bulk spin Hall effect, the relation between the spin Hall resistivity ρ sH = σ sH /σ 2 can be expressed in terms of the longitudinal resistivity ρ = 1/σ: ρ sH = aρ + bρ 2 , where the linear and quadratic terms are due to the skew scattering and side jump mechanisms, respectively. We show in the right panel of Fig. 3 the log-log plot of ρ sH as function of ρ, which includes the bulk resistivity ρ 0 = 1/σ 0 and the surface scattering induced resistivity ρ − ρ 0 . In the surface scattering dominating region (blue squares), the slope of a linear fit is 2.1, i.e. ρ sH ∝ (ρ−ρ 0 ) 2.1 ≃ ρ 2.1 , suggesting that the surface roughness induced spin Hall effect is due to the side jump mechanism. The slight deviation from slope 2 is due to the mixing of bulk relaxations, as well as the different relaxation time τ n for different transverse channels.
With both the longitudinal conductivity Eq. (7) and the spin Hall conductivity Eq. (8), the spin Hall angle is calculated as,
The upper (lower) approximation in Eq. (9) corresponds to the surface (impurity) scattering dominating case with τ
As shown in Fig. 4 , the spin Hall angle can be enhanced by i) decreasing film thickness n c , ii) increasing surface roughness δ, iii) decreasing bulk relaxation time (τ 0 ) or increasing bulk resistivity (1/σ 0 ). For n c = 100 and δ = 5a, the spin Hall angle for thin films made of Cu, Al, and Ag are listed in Table I . For Cu, d ≃ 23nm and δ ≃ 1.8nm, the spin Hall angle for Cu film can reach a fraction of a percent (0.35%), which is comparable to that for bulk Au. For comparison, we also carry out the same calculation for a thin film where the spin orbit interaction comes from the impurity scattering instead of the surface scattering, i.e. the V I is a constant, independent of film thickness and/or surface roughness, and skew scattering contribution α ss I has the same parameter dependence as the longitudinal conductivity σ, therefore the spin Hall angle by impurity scattering in metallic thin films decreases with decreasing film thickness and/or increasing surface roughness (following the same trend as σ in Fig. 2 ). This behavior is opposite to that for the spin Hall angle by surface scattering (see Fig. 4 ). Therefore, it is possible to distinguish the origin of the spin Hall effect from the thickness and/or surface roughness dependence of the spin Hall angle.
To realize the surface roughness induced spin Hall effect experimentally, it is necessary to have two crucial in- In all cases, nc = 100, δ = 5a,η = 0.5, and electron effective mass equals to the free electron mass m * = m. Data for σ0, kF from [26, 27] gredients simultaneously: i) the surface roughness, which acts as surface impurities, ii) the strong interfacial (not bulk) spin-orbit interaction. The former can be controlled by thin film growing process or the surface polishing technique. The latter is possible by coating the metallic thin film surface with materials with large spin orbit interaction, such as Pt or oxides with heavy elements. In such a way, one may utilize the strong scattering due to roughness and the strong spin-orbit interaction from the heavy elements.
In conclusion, we predict that, in metallic thin films without bulk spin-orbit interaction, the spin Hall effect can be realized by surface roughness. For Cu film with sizable interfacial spin-orbit interaction, the spin Hall angle can be as large as a fraction of a percent (0.35%), comparable to that in Au.
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